The aim of this work was to synthesize a high-temperature polyol ester from Jatropha oil. The synthesis process was accomplished via chemical modifications involving epoxidation to remove the double bonds in Jatropha oil, hydrolysis to add hydroxyl groups, and then esterification with pentaerythritol to form the saturated polyol ester. The high decomposition temperature 359 ∘ C of the polyol ester was determined by thermogravimetric analysis. The lower peroxide value 0.07 meq/kg and iodine value 0.02 mg I 2 /100 g of the polyol esters were also determined.
Introduction
There are significant concerns regarding the current practice of using mineral oils as the primary raw materials in the lubricants industry. One major problem is that such oils, chiefly derived from petroleum distillates, are not necessarily sustainable in the long term. Furthermore, due to the inherent toxicity and nonbiodegradable nature of some mineral oil based lubricants, they may present a contamination hazard with respect to ecosystems, agricultural land, and ground water reserves [1] . As a result of these concerns, there has been increasing interest in the development of biolubricants derived from renewable resources such as vegetable oils [2, 3] . Vegetable oils are not only biodegradable and nontoxic but also possess properties which tend to make them excellent lubricants. These characteristics include high viscosity indexes, low volatility, good lubricity, and high miscibility with other fluids [4, 5] . However, vegetable oils typically exhibit poor thermal and oxidative stability [6] . These drawbacks presently restrict the use of vegetable oils as lubricants.
Polyol esters exhibit extraordinary stability due to the absence of hydrogen in the beta position as well as the presence of a central quaternary carbon. (1) Therefore, the thermal stability of vegetable oils can be improved by replacing the glyceride moiety in the original molecule with a polyhydric alcohol (such as trimethylolpropane or pentaerythritol) [7] .
There are reports in the literature on the synthesis of polyol esters from vegetable oils [7, 8] . However, such polyol esters retain unsaturated bonds in their fatty acid chain portions, which represent sites where the compounds may still react with atmospheric oxygen. (2) Therefore, the carbon-carbon double bond structure of the oil must be cleaved by chemical modifications to improve its thermal characteristics.
Previous research has shown that castor oil shows excellent stability due to its hydroxyl group and can form hydrogen bonding and prevent the formation of hydroperoxides [9] . It was suggested that the existence of hydroxyl groups also plays a key role in improving the thermal stability of oils. (3) Thus, attaching hydroxyl groups to the polyol ester may be another way of improving its thermal stability.
In accordance with the above-mentioned three methods of improving the stability of vegetable oil, the aim of this work was to design a high thermal polyol ester from Jatropha oil via chemical modifications involving (1) epoxidation to remove the double bonds of Jatropha oil; (2) hydrolysis to add hydroxyl groups; (3) esterification with pentaerythritol to form saturated polyol ester. Moreover, the structure and physicochemical properties of the novel polyol ester were also determined.
Materials and Methods

Materials.
Jatropha oil was obtained from Jiangsu Donghu Bio-energy Co. Ltd., Jiangsu, China. Formic acid (88%), hydrogen peroxide (30%), phosphotungstic acid (98%), and pentaerythritol (98%) were purchased from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All the other reagents were of analytical grade.
Methods.
The overall synthesis of saturated polyol esters from Jatropha oil involved three main steps. These were as follows: saponification of the oil to produce the free fatty acid, subsequent synthesis of the corresponding hydroxylated fatty acid (HFA), and, finally, esterification to give the saturated polyol ester.
Preparation of the Fatty Acid of Jatropha Oil.
The fatty acid (FA) of Jatropha oil was prepared via a two-step process. The initial step consisted of saponification of the oil in a NaOH solution at 50 ∘ C for three hours. The resulting alkaline solution was then held at 55 ∘ C and neutralized by the addition of a sufficient quantity of acid, followed by washing with water. After washing, the water was removed via rotary evaporator under reduced pressure at 80 ∘ C.
Preparation of the Hydroxylated Fatty Acid.
Preparation of the hydroxylated fatty acid (HFA) involved sequential oxidization and hydrolysis steps [10] [11] [12] . The synthetic route of HFA was represented in Figure 1 . The oxidization reaction conditions were as follows: 200 g FA and 30 g formic acid (88 wt.%) were combined in a 500 mL four-neck round bottom flask equipped with a thermometer, dropping funnel, water cooling condenser, and mechanical stirrer. A total of 180 g of hydrogen peroxide solution (30 wt.%) were added to the flask dropwise over 30 min. The reaction mixture was continually stirred subsequent to the addition of the peroxide, maintaining the temperature at 50 ∘ C, and samples were removed periodically and an iodine test for unsaturation was applied. The reaction was considered complete when the iodine test gave a value of zero, meaning all double bonds in the oil had been completely reacted. The subsequent step was hydrolysis of the epoxidized fatty acid (EFA). Water (200 mL) was added dropwise to the epoxide solution, following which the mixture was heated to approximately 90 ∘ C and stirred for five hours. This sequence of reactions very efficiently cleaves the FA double bond and attaches hydroxyl groups at the former site of unsaturation.
Preparation of Polyol Esters.
Polyol esters were synthesized by the esterification reaction of either HFA or FA with pentaerythritol (PE) [6, 8] . The synthesis of saturated polyol esters (SPE) was shown in Figure 2 . The reaction was carried out in a three-neck, round bottom flask equipped with a Dean-Stark water separator, with constant stirring. Phosphotungstic acid was employed as a catalyst at a concentration of 2 wt.% (relative to the mass of the HFA). The specific reaction conditions included a temperature of 220 ∘ C, a reaction time of 7 hours, and a molar ratio of HFA or FA : PE of 4.3 : 1. Water formed as a byproduct of the reaction was continuously removed and the quantity of captured water was used to gauge the progress of the reaction. When the reaction was complete, portions of the reaction mixture were removed, neutralized with alkaline solution, and then washed with warm (60 ∘ C) water. The resulting polyol esters were dried using a rotary evaporator under reduced pressure at 85 ∘ C. The reaction equation was as follows:
The esterification conversion can be calculated approximately by the ratio of the amount of water actually generated to that theoretically generated. During the esterification process, the amount of fatty acids is excessive, and assuming that the PE reaction is completed, the mole of water theoretically generated is four times the amount of PE. For example, if the amount of reactant PE is 0.2 mol, in theory, the amount of water generated is 0.8 mol in this reaction. The relationship between the mole of initial PE and the mole of water theoretically generated could be expressed as follows:
where 1 is the mole of the generated water and 2 is the mole of initial PE. The esterification conversion was calculated by the next equation as follows:
where is the conversion and is the actual mass of water obtained after the esterification process.
Physicochemical Properties Determination.
Fourier transform infrared (FTIR) spectroscopy was used for structural characterization. Spectra were recorded with a FTIR spectroscope (Gangdong 650) over 500-4000 cm
using 32 scans at a resolution of 4 cm −1 . The thermal stability of each sample was examined using a STA 449C thermogravimetric analysis (TGA) apparatus (Netzsch, Waldkraiburg, Germany).
The iodine values of samples were determined in accordance with the ASTM D5554-95 standard method. The peroxide values of samples were determined according to the AOCS Cd 8-53 standard method.
Results and Discussion
FTIR analysis was used to identify the products at different reaction stages. Figure 3 shows the spectra of the FA, EFA, and HFA products. It is evident that, following the oxidization reaction, the peak at 3010 cm −1 corresponding to the double bond stretching vibration is lost, while a small peak at 840 cm −1 due to the epoxide group appears [13] . This confirms the reaction of the double bond to the epoxide.
As the subsequent hydroxylation reaction progressed, it was observed that the epoxide peak gradually diminished while a hydroxyl band at approximately 3444 cm −1 became increasingly prominent [14] . At the completion of the reaction, the complete disappearance of both the double bond (3010 cm −1 ) and epoxide peaks (840 cm −1 ) indicated that all of the double bonds were successfully converted via the addition of hydroxyl groups.
The synthesis of SPE was accomplished by an esterification reaction between HFA and PE, and 93.5% conversion was obtained. Initially, unsaturated polyol esters (UPE) were synthesized by the esterification of FA with PE. As shown in Figure 4 , after esterification, there is a shift in the peak at 1710 cm −1 , which is characteristic of FAs, to 1742 cm −1 which corresponds to the ester linkage, confirming the formation of ester groups. Comparing the spectra of SPE with UPE, it is evident that there are significant differences in the peaks corresponding to both the hydroxyl group and the double bond. As expected, the SPE is characterized by a broad hydroxyl stretching peak around 3444 cm −1 and the complete disappearance of the double bond peak at 3010 cm −1 , while the UPE exhibits a peak for the double bond but not the hydroxyl group.
The weight loss (TGA) curve acquired under a helium atmosphere for the saturated polyol ester (SPE) is presented in Figure 5 . The starting temperature for thermal decomposition is taken as the temperature at which samples showed a five-percent weight loss. It can be seen that the SPE displayed excellent thermal stability and began to degrade at 359 ∘ C. The high decomposition temperature of the SPE can be explained by the following reasons: (1) the SPE has no hydrogen in the beta position [8] ; (2) the SPE has hydroxyl groups and hence additional hydrogen bonding [15] ; (3) the SPE has no unsaturated bonds. Table 1 provides data concerning the values of iodine and peroxide tests for both the UPE and SPE, as well as for unmodified Jatropha oil. Since the iodine value is a measure of the unsaturation of fats and oils, the SPE has the lowest value. The peroxide value of an oil is considered one of its most important parameters, as it measures the total amount of peroxide in the oil and hence the extent to which it has undergone oxidation. As such, since oxidative stability of oils can be defined as resistance to oxidation, a low peroxide value for lubricants corresponds to better oxidative resistance. Table 1 shows that the peroxide value of SPE is much lower than that of either pure Jatropha oil or the UPE, since the SPE is saturated while the others both have a significant number of unsaturated sites which are very sensitive to autoxidation and can be rapidly transformed into peroxides [16, 17] . These results confirm that the SPE has much better oxidative stability. Vegetable oil based lubricants, however, typically exhibit poor thermal and oxidative stability, since the beta hydrogen on the glyceride moiety is readily eliminated, leading to subsequent cleavage of the ester into the corresponding acid and olefin. This work was attempted to improve both the thermal and oxidative stability of Jatropha vegetable oil. This was accomplished via a series of chemical modifications involving epoxidation, hydroxylation, and finally esterification with pentaerythritol. This sequence of reactions works efficiently to add hydroxyl groups across the double bond within the Jatropha oil fatty acid as well as to eliminate the beta hydrogen on the glyceride portion of the molecule. Compared to UPE (unsaturated polyol esters), SPE (saturated polyol ester) shows much lower iodine value and peroxide value.
Conclusions
In this work, a novel high-temperature polyol ester from Jatropha oil was successfully synthesized. The high decomposition temperature 359 ∘ C of the polyol ester was determined by thermogravimetric analysis. Compared with the raw material Jatropha oil, the lower peroxide value 0.07 meq/kg and iodine value 0.02 mg I 2 /100 g of the polyol esters were also obtained. Considering its high thermal stability, the polyol ester may provide the conditions and potential for the development of new high-temperature lubricants.
